Abstract. The therapeutic effect from molecular radiation therapy (MRT), on both tumour and normal tissue, is determined by the radiation absorbed dose. Recent research indicates that as a consequence of biological variation across patients the absorbed dose can vary, for the same administered activity, by as much as two orders of magnitude. The international collaborative EURAMET-EMRP project ಯMetrology for molecular radiotherapy (MetroMRT)ರ is addressing this problem. The overall aim of the project is to develop methods of calibrating and verifying clinical dosimetry in MRT. In the present paper an overview of the metrological issues in molecular radiotherapy is provided.
Introducing the problem of molecular radiation therapy
Molecular radiation therapy (MRT), also known as targeted radionuclide therapy, is a unique form of radiotherapy where a high radiation dose is delivered internally, ideally to a specific target. The therapeutic agent may be administrated in several ways: ingestion, intravenous infusion, injection to a body cavity or pathological space (locoregional therapy) or direct injection into a solid tumour.
Molecular radiotherapy is routinely prescribed on the basis of administered activity of the therapeutic agent. However, uptake and retention differ from patient to patient and therefore the individual dose to the target can vary between patients given the same administered activity. Recent research indicates the range of variation can be up to two orders of magnitude, which is particularly alarming from the point of view of radiation protection [1, 2] . At the low extreme, the patient might gain negligible therapeutic benefit. At the high extreme, the patient might receive more radiation than is needed to treat the tumour. Both cases technically constitute maladministrations.
Recent research and new technology developments have permitted estimates of radiation dose in individual patients to target tissues and critical normal tissues at risk to be obtained. However, there has been almost no adoption of these methodologies in routine clinical MRT practice. The reasons are many, but, mainly because the methodology is difficult, there is no standardization of procedures, and there is no objective means of predicting the effect of individual patient dosimetry on treatment outcomes.
In fact, when compared with conventional external beam radiotherapy, in which individual patient dosimetry is mandatory and strictly controlled according to agreed protocols, there is full traceability to primary standards, and there are even legal requirements for accuracy (within 5 % of a reference value), it is clear that MRT is urgently in need of metrological support in order to bring dosimetry practice to an acceptable and comparable standard.
The new international collaborative EURAMET-EMRP project ಯMetrology for molecular radiotherapyರ (MetroMRT) is addressing this problem. The project is developing the background metrology to support routine individual MRT patient dosimetry, and together with a programme of dissemination is working with the clinical community to achieve widespread implementation. The outcomes from this project will enable personalized treatment planning, based on individualized patient dosimetry, which will have a direct and potentially significant benefit. The project formulates MRT dosimetry as a measurement chain that is traceable to primary standards with given uncertainty (analogous to external beam radiotherapy). The links in the chain are I) measurement of administered activity; II) sequence of activity measurements within a defined tissue volume in the patient through quantitative imaging (QI) procedures;
III) construction of an activity-time function from the sequence; IV) integration of the activity-time function; V) calculation of the absorbed dose from the activity-time integral.
Measurement of administered activity
As a general rule, the metrology of radionuclide activity is a mature science. However the radionuclides used for therapy necessarily have a significant proportion of (or in some cases only) short-range emissions (beta particles, Auger electrons, alpha particles) in order to deliver a local absorbed dose. This fact requires dedicated methods for accurate activity measurement, both at the primary standard level and in the clinic. As an example, 90 Y microspheres are an important therapeutic option used in the treatment of liver cancer through a process known as selective internal radiation therapy (SIRT). SIRT is performed by injecting 90 Y resin or glass microspheres directly into the hepatic artery ನ the blood supply of liver lesions is mainly derived from this artery, whereas normal liver tissue receives about 80 % of its blood supply from the portal vein. By infusing the microspheres into the hepatic artery, a high radiation dose can be delivered selectively into the tumour while sparing normal liver tissue that surrounds the tumour compartments. Beta emitters on microspheres pose a particular problem for activity measurement because of radiation absorption by the microspheres. Moreover, there is presently no traceability to national and international standards for these microspheres.
At present there are two available microsphere types, resin and glass. Resin microsphere (SIR-spheres ® ) are provided in a vial containing approximately 3 GBq of activity in a 5 mL solution of sterile water, while glass microspheres (TheraSphere ® ) are supplied in 0.6 ml of sterile, pyrogen-free water contained in a 1.0 ml v-bottom vial secured within a 12 mm clear acrylic vial shield.
Previous work by Mo et al. [3] described the development of an activity standard for resin microspheres. In their work the authors first performed primary and secondary standardizations on a 90 Y solution. Then, through chemical digestion of the resin microspheres, a secondary standard factor for the 90 Y solution was converted into a secondary standard factor for the microspheres.
Finally, ARI (Australian Radiopharmaceuticals and Industrials) production chamber and ARI QC TPA and Vinten chambers were calibrated for the 1 ml and 5 ml microsphere samples in Wheaton vials, where the calibration factor for 5 ml may be derived from the factor for 1 ml microspheres (although introducing a relatively large uncertainty).
Thus, evidently there is a need to establish a capability for accurately measuring the activity of 90 Y microspheres to traceable measurement standards. In fact, one of the tasks of the MetroMRT project is to develop the Triple to Double Coincidence Ratio (TDCR) method using Cherenkov emission for the purpose of improving the accuracy of administered activity to patients for such highenergy beta-emitters (e.g. 90 Y, 89 Sr and 32 P). Developed for radionuclide standardization using liquid scintillation, the TDCR method is based on a specifically designed 3-photomultipliers system [4] . Knowing the radionuclide decay scheme, the activity is determined using a free-parameter statistical model that allows a mathematical relationship between the detector efficiency (double coincidences between photomultipliers) and the experimental TDCR ratio given by coincidences between photomultipliers to be established. The TDCR value is interpreted as an indicator of the detection efficiency depending on the radionuclide to be standardized. Using the same detection set-up, the TDCR method can be extended to Cherenkov emission. In this case, light emission is characterized by a threshold effect that limits the production of photons by a charged particle (Cherenkov photons result from an electromagnetic perturbation in a transparent medium such as aqueous solutions) and permits discriminating low-energy radioactive impurities in the measurements, usually performed in classical Liquid Scintillation Counting (LSC) techniques by taking into account the different half-life of each impurity of the solution [5] . Nevertheless, Cherenkov measurements are not frequently used for radionuclide standardization because higher detection efficiencies are obtained with liquid scintillation. However, the application of the TDCR method using Cherenkov emission is an interesting alternative to liquid scintillation in the case of high-energy beta-emitters used as radiopharmaceuticals for molecular radiotherapy, as 90 Y resin or glass microspheres. Indeed, since measurements are directly carried out in aqueous EPJ Web of Conferences 00022-p. 2 solutions, source preparation of radionuclides is easier and mixing with a liquid scintillator is avoided. The method should also minimize the influence of possible gammaemitting impurities in the activity measurements. For activity calculation, the modelling related to TDCRCherenkov measurements has to be modified in order to take into account the physical characteristics of Cherenkov effect (anisotropy of light emission, threshold effect, continuous spectral bandwidth). The implementation of the new modelling can be carried out according to two approaches. The classical analytical model can be constructed using a free parameter for the anisotropy of light emission [6] . By using the Monte Carlo code Geant4 [7] , the other approach is based on a comprehensive description of the geometry and optical properties of the detector (see figure 1) . In that stochastic modelling, triple and double coincidences between photomultipliers are calculated from the simulation of Cherenkov photons created in the optical cavity to the production of photoelectrons in photomultipliers [8] .
Finally, a transfer protocol for end-users in the clinic is being developed, with the aim of improving their measurement techniques in order to reduce the standard uncertainty for activity delivery from 20 % to less than 10 %.
Sequence of activity measurements within a defined tissue volume in the patient through quantitative imaging procedures
Accurate determination of the activity of a radionuclide within a defined anatomy-indexed volume in a patient is fundamental to estimation of the absorbed dose to a critical target.
The measurement of radioactivity within a patient requires quantitative imaging procedures, for which there is currently no agreed measurement chain that gives traceability to a radioactivity standard.
The current state of the art for quantitative activity measurement is the use of combined SPECT-CT or PET-CT imaging to give a 3D distribution of activity within the patient. Currently, SPECT-based quantitative imaging is more widely used than PET, as most therapeutic radionuclides emit photons suitable only for SPECT (Table  1) . Recently, the possibility of performing PET quantitative imaging with 90 Y exploiting the extremely small β + branch ratio of this radionuclide has been proposed by several authors and applied both to SIRT treatments [9] [10] [11] [12] [13] [14] and locoregional therapies that use 90 Y as therapeutic agent [15] .
To give absolute activity, the system must be calibrated and each image must be corrected for scatter, attenuation, partial volume effect, and dead time. While considerable work has been done in the application of correction techniques to both the filtered back-projection and iterative image reconstruction methodologies [16] , there is no validated standard protocol, or any established methods for calibration or verification of system performance.
Furthermore, with the advent of hybrid SPECT-CT and PET-CT, more accurate localization of the volume of interest is possible. Since the imaging equipment has not been optimized for quantitative measurement, there are metrological issues that must be addressed.
MetroMRT is investigating the development of a procedure to calibrate a quantitative image measurement (using SPECT, PET, planar imaging etc.) in such a way that the calibration remains valid (within a given uncertainty) when the same imaging equipment is used on a patient.
Feasibility trials are being carried out with commonly used phantoms, such as the Jaszczak phantom, containing an accurately measured activity (or activities) traceable to a standard activity.
An anthropomorphic phantom will be used in a similar way to test the accuracy of quantitative imaging procedures over a range of clinically realistic geometries, given verified accuracy on a standard calibration phantom. 
Construction of an activity-time function
The QI activity measurement points acquired ದ referenced to the same volume and obtained in different time periods after uptake ದ are typically three to six in number (figure 2). A model function is selected and fitted to these points to interpolate between and extrapolate beyond them. There is no generally accepted form for this function in terms of the number of exponential terms. Moreover, depending on the choice made, this function represents a purely decaying process (figure 3) or the biokinetics of uptake and retention of the radiopharmaceutical [24] [25] [26] [27] . Appropriate statistical tests can be made to inform the selection process [25] .
It is important that in fitting the selected model function, account is taken of measurement uncertainties associated with the activity values and of any measurement covariances involved. Covariances can arise due to systematic effects that influence all QI activity measurement points or as a result of the image reconstruction process. Some published approaches form a weighted fit based on the assumption of constant uncertainties or uncertainties that are proportional to activity values. In the current work, uncertainties are based on knowledge of the quantitative images used.
Integration of the time sequence of activity measurements and calculation of absorbed dose
The cumulative activity Ã is estimated by integrating from time zero to infinity the function fitted to the activitytime points. Conceptually, absorbed dose determination requires the spatial assessment of radioactivity biodistribution (spatial analysis) in addition to cumulated activity assessment from the limited number of QI activity measurement points (time analysis), i.e., the total number of nuclear disintegrations in the volume of interest. Mathematically, the absorbed dose D to a target volume is
where S is the absorbed dose in the target region per nuclear transformation in the source region. An estimate of Ã requires traceability to a standard of radionuclide activity, whilst an estimate of S requires a standard of absorbed dose.
There are various ways of obtaining S-values (MIRD, RADAR, Monte Carlo calculation, etc.), but each is based on calculations from radionuclide spectral data rather than measurements [17, 18] .
Hence, it is clear that calculating the absorbed dose from a radionuclide inside the body is complex, involving both the physics of radioactive decay and the biology of the body's metabolism.
Clinical dosimetry from radionuclides can be performed prior to, or after, the treatment. Depending on the approach taken, the calculation may use the standard MIRD formalism and S-factors (either organ-averaged or voxel-based) or an individualised calculation using Monte Carlo calculation. Whichever method is used, the result relies heavily on the accuracy of the nuclear data and the calculation techniques. Moreover, at present no general clinically accepted dosimetry protocol exists and dosimetry studies are usually performed on individual initiatives. As a consequence, dosimetry studies are rarely comparable. Traceable methods for the experimental verification of dose calculations need to be developed.
Previous work has shown differences between calculated and measured doses of some 10 % to 30 % for measurements in phantoms and for different radionuclides, while the standard uncertainty associated with patient dose delivery has been reported to be from 10 % to 100 % [1, 2, [19] [20] [21] [22] [23] . MetroMRT is breaking new ground by developing new primary absorbed dose standards in order to be able to measure the dose from a radionuclide in solution, so that the calculations can be independently verified by measurement techniques calibrated against a standard. This work will lead to evaluation of the uncertainty associated with the usual methods.
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The first part of the work has involved a feasibility study of different technologies for possible use as standards. Methods considered include ionometry (extrapolation chamber), calorimetry (water and graphite calorimeter), and chemical dosimetry (dichromate solution).
Modelling and uncertainty analysis
Each link in the dosimetry chain is defined mathematically or represented by a computational model such as an iterative image reconstruction process or the determination of a specific activity-time function, The modelling also accounts for typical MRT treatment protocols. Each link in the chain constitutes a relationship between input quantities and output quantities, the latter becoming input quantities in the next link.
For each quantity an estimate is given by measurement or determined from a mathematical or computational model. Associated with each such estimate is a standard uncertainty (equivalent to a standard deviation). A standard uncertainty associated with an estimate of an output quantity for a link in the chain is given by propagating the standard uncertainties associated with the estimates of the input quantities through that link.
There will be measurement covariances associated with estimates of several quantities when derived from common information, which have to be taken into account.
The mathematical model or the computational process used within a link may be a further source of uncertainty to be taken into account.
For instance, an image reconstruction algorithm is typically not run to completion, that is, the process has not mathematically converged, because of the adverse effect of noise on the solution obtained. Instead, it is often run for a fixed number of iterations, which may be set by the supplier. The influence of this number is to be estimated. Another instance is the choice of biokinetic model for the activity-time functionthere are various forms of this model ranging from the number of exponential terms used to the precise form of the exponentials used (section 4). Different results will be obtained according to this choice and assessing the dispersion of results across a set of feasible models can be regarded as the contribution from "model uncertainty".
Overall, there is component uncertainty related to each link in the chain that when combined as above produce a dose estimate uncertainty (section 7). These component uncertainties constitute an uncertainty budget, analysis of which can be extremely informative in studying which aspects of the dosimetry chain could benefit from improvement (section 8).
In this work, internationally accepted principles [28] [29] [30] are applied for uncertainty propagation. References [29, 30] also apply when uncertainty propagation based on linearizing the model is not considered appropriate or when this form of uncertainty propagation is to be checked by propagating probability distributions rather than uncertainties.
Evaluation of dose estimate uncertainty
Because of the lack of validation against measurements aforementioned, there is no clear understanding or quantification of the uncertainty associated with an MRT dose estimate. For clinical reasons an overall standard uncertainty of around 10 % is desirable, but at present it is not possible to determine its value. If this uncertainty were known, and in particular the component uncertainties it comprises that arise from the various links in the dosimetry chain, it would help to identify key elements of the dosimetry chain needing development. It would also provide a solid basis for obtaining an improvement in the quality of clinical dosimetry in MRT, for the benefit of patient care and clinical research. Furthermore, for the process of dose measurement to have legitimacy in terms of compliance with regulatory accuracy requirements, or for a component in the process, such as a software package, to achieve regulatory approval, it is essential that there is a formal procedure for obtaining the uncertainty budget for the measurement.
These issues are addressed in this work, especially in section 6 concerned with modelling and uncertainty analysis. In particular, the model, D = ÃS [expression (1)], for the final link in the chain is very simple. The standard uncertainties associated with estimates of Ã and S are propagating through this expression to provide the standard uncertainty associated with the estimate of D. Earlier links in the chain will provide the "input uncertainties" to be used. These uncertainties are the difficult ones to establish as emphasized earlier.
Conclusions
A number of metrological issues in MRT still have to be addressed. The MetroMRT project will create an impact on the MRT community resulting from a) greater accuracy of the activity measurement of high-energy beta emitters in MRT clinics through development of new standards and protocols; b) greater accuracy in the determination of radiopharmaceutical activity uptake and retention in patients using QI techniques as a result of calibration and audit procedures, and recommendations for good practice; c) greater accuracy of determination of absorbed dose from cumulative activity of radiopharmaceuticals as a result of new verification methods and recommendations for good practice; d) objective knowledge of the uncertainties associated with alternative methods of MRT dosimetry allowing decisions to be made in MRT clinics on treatment protocols that will optimize patient benefits within available resources.
The overall impact that the MetroMRT project will have on the MRT community will be that, by regarding dosimetry as a formal traceable measurement with an associated uncertainty, the culture of treating patients with a nominal radiopharmaceutical activity will change to individualized patient treatments based on absorbed dose.
Using statistical data it will be possible to assess the implications for the health and medical research communities of reducing (or choosing not to reduce) individual uncertainties. One instance where uncertainty reduction is feasible is in the image reconstruction stage (section 6), where some form of regularization to prevent noise build-up can be used [31] .
Generally, providing more accurate and hence more reliable results will be more expensive and must be balanced against foreseen benefits. The methodology developed here will provide an objective basis for making optimization decisions as to which parts of the uncertainty budget to address.
MetroMRT is analyzing the uncertainty implications in each of the methods used by the clinical research centres collaborating with the project, and will make recommendations on preferred protocols.
MRT will be much more accurately targeted, and as a direct result it will become more effective. With support from the metrology sector and with increasing confidence in the effectiveness of MRT, the modality will become much more widely used as part of the armamentarium against cancer.
